Ovarian cancer is the fifth highest cause of cancer in women and the leading cause of death from gynecological cancers. Accurate diagnosis of ovarian cancer from acquired images is dependent on the expertise and experience of ultrasonographers or physicians, and is therefore, associated with inter observer variabilities. Computer Aided Diagnostic (CAD) techniques use a number of different data mining techniques to automatically predict the presence or absence of cancer, and therefore, are more reliable and accurate. A review of published literature in the field of CAD based ovarian cancer detection indicates that many studies use ultrasound images as the base for analysis. The key objective of this work is to propose an effective adjunct CAD technique called GyneScan for ovarian tumor detection in ultrasound images. In our proposed data mining framework, we extract several texture features based on first order statistics, Gray Level Co-occurrence Matrix and run length matrix. The significant features selected using t-test are then used to train and test several supervised learning based classifiers such as Probabilistic Neural Networks (PNN), Support Vector Machine (SVM), Decision Tree (DT), k-Nearest Neighbor (KNN), and Naïve Bayes (NB). We evaluated the developed framework using 1300 benign and 1300 malignant images. Using 11 significant features in KNN/PNN classifiers, we were able to achieve 100% classification accuracy, sensitivity, specificity, and positive predictive value in detecting ovarian tumor. Even though more validation using larger databases would better establish the robustness of our technique, the preliminary results are promising. This technique could be used as a reliable adjunct method to existing imaging modalities to provide a more confident second opinion on the presence/absence of ovarian tumor.
Introduction
Nowadays, ovarian neoplasm cancers represent a significant health problem in industrialized nations with the female population that has a 2.5% lifetime chance of developing ovarian cancer (1, 2) . Between the age group 55 to 74 years, more than 50% of ovarian cancer deaths happen, and around 25% of deaths occur between 35 and 54 years (3, 4) . It is the fifth highest reason for cancer in women (affecting about 1 out of 70 women) and the leading cause of death (1% of all women die of it) from gynecological cancers (5) . The incidence of this cancer is higher in developed countries owing to lifestyle and heredity factors (6) . Many heredity factors are associated with ovarian cancer occurrence risk, in particular age (7) and the presence of harmful mutations in tumor suppressor BRCA1 or BRCA2 genes (7, 8) .
The rapid and precise diagnosis of cancer pathology is extremely important to offer a better survival rate to the affected women, and, in this setting, imaging analysis represents a key technique. Currently, three main techniques are used to image adnexa: Ultrasound (US), Computed Tomography (CT) and Magnetic Resonance (MR) (1, (9) (10) (11) (12) . CT, MR, and radioimmunoscintigraphy have one or more of the following limitations: cost, device availability, radiation exposure. The appearances of both the normal and cancerous ovaries on ultrasound images have been studied since the use of pelvis ultrasound (13) (14) (15) . Barua et al. (15) have recently studied the feasibility of a preclinical animal model in determining the effectiveness of contrast enhanced ultrasonography in detecting early stage ovarian cancer. Transvaginal Ultrasonography (TVUS) is the first-choice technique ovarian neoplasm characterization because of the excellent temporal and spatial resolution and the absence of risk related to radiation and the administration of contrast material (16) .
With the introduction of TVUS and 3D-ultrasonography, the sensitivity and specificity of ultrasonography have been shown to have improved significantly (17, 18) . However, the effectiveness of ultrasonography is mainly related to the level of expertise of the reader (19) , and in one study, it was observed that the most experienced sonographer obtained an accuracy of 92%, and the less experienced observers had only an accuracy in the range of 82% and 87% (20) . Furthermore, studies (21) have shown that the nature of benign and malignant ovarian tumors may sometimes overlap in the acquired images, and thereby, make it difficult for the ultrasonographers or physicians to detect the exact type of tumor. Such ambiguous appearances result in unnecessary biopsies, which increase cost, time, and patient anxiety. Therefore, there is a need for an adjunct modality that could provide more objective information on the nature of the tumor.
Over the past few years, techniques for the Computer Aided Diagnosis (CAD) of specific pathologies have been proposed for more objective determination of the presence/ absence of disease and for the improvement of differential diagnosis of lesions (22) (23) (24) . These techniques generally select features that quantify the grayscale intensity variations in the images and use them to develop classifiers that automatically detect the presence of disease. Due to the minimal involvement of human interpretation in the entire protocol, such CAD based techniques can provide objective and reproducible results. Most of CAD studies for ovarian cancer detection use features based on (a) blood test results (25) (b) Mass Spectrometry (MS) data (26) (27) (28) and (c) ultrasound images (29) (30) (31) . The curse of dimensionality issue affected the MS based studies (32) as they have to study a huge amount of features extracted from a relatively small dataset. Ultrasound is currently a very commonly offered affordable technique. A literature review of ultrasound-based techniques describes that there is still room for improvement in the detection accuracy. Therefore, in this work, we have proposed a CAD technique for ovarian tumor classification in ultrasound images. Comprehensive morphological characteristics of malignant and benign tumors can be evaluated by 3D ultrasonography compared to 2D ultrasonography (33) . Even though some studies have concluded that 3D ultrasound did not have a better diagnostic performance than its 2D counterpart (34, 35) , few other studies have indicated that power Doppler ultrasound and the selective use of 3D ultrasonography can improve the accuracy of ovarian tumor diagnosis (36, 37) . Hence, in this work, we have developed our protocol using images acquired using 3D transvaginal ultrasound.
Methods

Data
In the present work, twenty non-consecutive women with previous diagnosis of ovarian mass (10 malignant, 10 benign; nine post-menopausal, eleven pre-menopausal; age: 29 to 74 years) were evaluated. The study was approved by the Institutional Review Board and the procedure was explained to each woman before obtaining informed consent. One of the authors of this paper consecutively selected these women during presurgical evaluation. Women with no anatomopathological evaluation were excluded from the study. First these subjects were scanned by B-mode ultrasonography to study the adnexal masses. Subsequently, the imaged masses were subdivided into unilocular, multilocular, unilocular-solid, multilocularsolid or solid. The tumor vascularization was evaluated by 2D power Doppler. To minimize noise, the power Doppler setting was specifically tuned for each subject in order to obtain maximum sensitivity while avoiding artifacts.
Prior to surgery, all the patients underwent 3D-transvaginal ultrasonography evaluation, and 3D volumes of the suspicious areas were acquired. Depending on the size of the volume box, the acquisition time varied between two and six seconds. In the case where more than one volume was recorded for an adnexal mass, only the first volume was used for further analysis. We wanted our database to contain 1300 benign and 1300 malignant images to build and evaluate the classifiers. Therefore, we selected the middle 130 images from each 3D volume acquired from each of the 10 benign and 10 malignant subjects, thus making our database to have 1300 malignant and 1300 benign images. To obtain the Region of Interest (ROI), the image was cropped automatically using the horizontal and vertical gradients to detect the boundaries of the black frame border around the image. Subsequently, we captured images of the size of 256 3 256 and a gynecologist 
Overall GyneScan Architecture
Our proposed system for ovarian tumor classification GyneScan is presented in Figure 2 . The on-line classification system part of the figure indicates the steps in processing a test/new patient image. This system determines the class of the test image (benign/malignant) by using the features extracted from the test image in the classifiers that have already been trained by using the training parameters assessed by the off-line learning system. The off-line classification system evaluates the training parameters of the classifiers by using the combination of the features extracted from the training dataset and the corresponding ground truth training class labels. In this work, we developed and evaluated the following classifiers: Probabilistic Neural Networks (PNN), Support Vector Machine (SVM), Decision Tree (DT), k-Nearest Neighbor (KNN), and Naïve Bayes (NB) using stratified ten-fold cross-validation. By comparing the predicted class labels of the test images and the corresponding ground truth labels, various performance measures (accuracy, s ensitivity, specificity, and Positive Predictive Value (PPV)) were calculated for each classifier.
Texture based Features Extraction
We used Gray Level Co-occurrence Matrix (GLCM) (38) and the run length matrix (39) texture methods for feature extraction. Let the image be represented by a M 3 N gray-scale matrix I(i, j), where each element of the matrix indicates the intensity of a single pixel in the image. The co-occurrence matrix C(i, j | Δ x , Δ y ) is the second-order probability function estimation. This matrix denotes the rate of occurrence of a pixel pair with gray levels i and j, given the distances between the pixels are Δx and Δy in the x and y directions, respectively. The co-occurrence matrix 
and | . | denotes the cardinality of a set. The probability that a gray level pixel i is at a distance (Δx, Δy) away from the gray level pixel j is given by
The following features were computed from the co-occurrence matrix:
• First order statistical features: Based on the first order statistics, five features were extracted from the pre-processed fundus image f(x, y). They are mean, variance, skewness, kurtosis and energy. Table I presents the description of these features.
• GLCM based textural features: Let I(i, j) denote the original fundus image (normal or abnormal) and let the image have distinct gray level intensities. Firstly, we calculated the GLCM of order N 3 N, where N refers the number of gray levels. An element of the GLCM matrix (i, j, d, θ) is defined as the joint probability of the gray levels I and j separated by distance d and along direction θ. To reduce the computation, we have used θ as 0°, 45°, 90°, and 135°, and d is defined as the Manhattan or city block distance based on this GLCM. These features are mathematically defined as shown in Table II . 
where σ x , σ y , μ x , μ y are the standard deviations and means of P x , P y  P x , P y are the partial probability density functions. p x (i) 5 i th entry in the marginal-probability matrix obtained by summing the rows of P(i, j)
where μ 5 mean of P(i, j) (39) studied the application of run length matrix for texture feature extraction. Run length matrix, R(i, j), records the frequency that j points with a gray level i continue in the direction θ. Here, we consider the run lengths matrices for angles θ 5 0°, 45°, 90°, 135°. The following features, shown in Table III , were calculated from the run length matrix.
Classifiers
Support Vector Machine (SVM):
It is an efficient classifier especially for the data distributed in higher dimensions. It works by linearly separating two data points belonging to two different classes by a hyperplane (40) . Non-linear classification can be performed using kernel functions. It can directly solve two class problems but multi-class solution can also be obtained by breaking them into several two class problems. We have used the linear kernel, quadratic kernel, polynomial kernel of order 1, 2, and 3 and the Radial Basis Function (RBF) kernels in this work.
Decision Tree (DT):
Computationally cheap and user friendly decision trees have been used. These are one of the easiest supervised learners which follow tree structure for depicting decisions (41) . Every parent node in the tree is an objective node which branches into child nodes as either a decision of belongingness of data or another objective node or both. A statistical property called information gain is calculated which is a measure of separation between training examples and target classification.
k-Nearest Neighbor (KNN):
Nearest neighbor is a non-parametric algorithm. In this algorithm it is assumed that a test observation closer to a trained labeled data should have same belongingness (42) . The closeness is calculated by distance metrics. In KNN, 'k' implies the number of observations near to the test point. The value k should be tactically selected and it should be small enough to contain only relevant data points and large enough to not miss any data points which would decide its belongingness to a class. This classifier can perform well even with lesser training data.
Naive Bayes (NB):
Bayes' rule says that posterior probability is proportional to prior probability times likelihood (43) . Naïve Bayes algorithm is based on the Bayes' rule but here it is assumed that features are independent of each other i.e. presence of one feature is totally independent of presence of another feature. Even maximum likelihood is also used for parameter estimation in several applications. As they are based on probabilistic model they are very good supervised learners and can be trained even with lesser data.
Probabilistic Neural Network (PNN):
It is a feed-forward network of multiple layers where the input layer, pattern layer, summation/category layer and output layer are arranged sequentially to receive inputs from previous layer and forward the output to the input of next layer (44) . Every input in the input layer is fed to every node in the pattern layer; here, unlike common back-propagation algorithm where sigmoid function is used for activation, a non-linear function is used.
Feature Selection, Classification, Probabilistic Neural Network (PNN) Parameter Tuning and Genetic Algorithm
We used the Maximum Relevance Minimum Redundancy (mRMR) -Mutual Information Quotient (MIQ) method as the feature selection method. This technique relates the highest relevance of a feature to its class (45) . It does that by determining mutual information (a statistical measure) between (a) target feature and its class, which should be maximized for class determination and (b) between two features, which should be minimized to remove information redundancy. They together are known as mRMR. A difference operator called Mutual Information Quotient (MIQ) is introduced to optimize both the relevance and redundancy values. The extracted features were evaluated and further selected using student's t-test, which was used to assess whether the means of a feature in two groups are statistically different from each other by comparing with p-values at less than 0.05 which were considered clinically significant. The classifier robustness was evaluated using ten-fold cross validation technique. 
Results
Selected Features
In our work, 40 out of 42 extracted texture features were clinically significant (p  0.0001). Table IV also shows the rank of each feature (mean and standard deviation) using the mRMR-MIQ feature selection method.
Classification Results
To evaluate the classifiers, we used ten-fold stratified cross validation technique. The entire dataset (1300 benign and 1300 malignant) was divided into ten equal groups, with each group containing the equal number of images from each class. During the first trial, nine groups were used to train the classifier and the remaining one part was used to test the classifiers and to obtain the performance measures. This procedure was repeated nine more times by using a different test set each time. The averages of the performance metrics (sensitivity, specificity, diagnostic accuracy, and PPV) obtained in all the iterations are reported as the overall performance metrics (Table V) . It is evident from Table V that among all the classifiers, the PNN and KNN classifiers presented 100% average accuracy, sensitivity, specificity, and PPV using only 11 significant features.
Discussion
Besides ultrasonography, another most commonly used technique for detecting ovarian cancer is to determine the levels of a tumor marker called Cancer-Antigen 125 (CA125). However, CA125 marker has been found to be elevated only in 50% of stage 1 cancers (46) , and also CA125 can be increased in pancreatic and uterine malignancies, and frequently in benign conditions also (47) . There is limited literature on CAD based studies for ovarian tumor classification. In Table VI , we present a summary of the findings of these published studies. It can be seen that the MS based studies (26-28, 48, 49) have resulted in high accuracies. However, they are limited by the cost and availability of the data analysis equipment. Menon (50) Recently, our group (52) presented a classification model to automatically discriminate the malignant and benign ovarian tumors in ultrasound images. We used texture features based on Laws Texture Energy and Local Binary Patterns extracted from 1000 benign and 1000 malignant images in a SVM classifier, and obtained an accuracy of 99.9%, sensitivity of 100% and specificity of 99.8% using 2000 ultrasound images. In another study (53), we extracted Hu's invariant moments, Gabor transform parameters and entropies from 1300 benign and 1300 malignant ovarian tumors. Significant features were fed to the PNN classifier fine-tuned by genetic algorithm (GA) achieved an average classification accuracy of 99.8%, sensitivity of 99.2% and specificity of 99.6% at σ 5 0.264. In our last study (54), we extracted features based on the textural changes and higher-order spectra from 1000 images in each category (benign and malignant), and used them in a DT classifier. An accuracy of 97%, sensitivity of 94.3%, and specificity of 99.7% was obtained. After evaluating a variety of features that quantify the gray-level intensity variations in the ultrasound images, we concluded that there is still room for improvement in the accuracy. Therefore, we studied texture features based on first order statistics, GLCM and run length matrices in this work, and using 11 significant features in KNN/PNN classifiers, we were able to achieve 100% classification accuracy in detecting ovarian tumor. The following are some key features of our proposed technique:
a. Since the proposed GyneScan algorithm is automated, the final diagnosis result is objective and does not require specific training or expertise to understand the end-results. b. Due to the use of a large sample size (2600 images) for the training and evaluation of classifiers, and also because of the use of stratified cross validation technique for data resampling, the classifiers are generalized to effectively handle new images. c. The accuracy was obtained using only 11 features, and hence there is no problem of curse of dimensionality that is an issue for MS data. d. The GyneScan system can be easily deployed on any computer and does not require expensive software. Since the algorithm works on ultrasound images which are now commonly acquired and affordable, the over-all set-up and use of the proposed system is cost-effective. e. Besides the afore-mentioned advantages, the key finding in this preliminary study is the algorithm's capability to detect ovarian tumor with a high accuracy of 100%.
On the limitations side, we understand the need for more validation using larger databases to establish the accuracy of the proposed CAD algorithm. Moreover, we propose to continue this study to 3D, where we use the spatial information of the 3D slices taken from a single patient for further analysis.
Conclusion
In our earlier studies in the area of CAD based ovarian tumor classification, we found that the classification accuracy could be further improved. Therefore, in this work, we have proposed another CAD technique GyneScan that successfully captures the subtle variations in the gray-level intensity variations in the ultrasound images of benign and malignant ovarian tumors using several texture features based on first order statistics, Gray Level Co-occurrence Matrix and run length matrix. On using 11 significant features extracted from 1300 benign and 1300 malignant images to train/test KNN/ PNN classifiers, we were able to achieve 100% classification accuracy, sensitivity, specificity, and positive predictive value. Thus, the proposed technique could be a more objective adjunct method to detect the presence/absence of ovarian tumor.
